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their  capabilities  to  a  broader  range  of  emerging  threats  is  uncertain.  Recently,  photoacoustic  spectroscopy,  employed  in  a  sensor  format, 
has  shown  enormous  potential  to  address  these  ever-changing  threats,  while  maintaining  a  compact  sensor  design. 

In  order  to  realize  the  advantage  of  photoacoustic  sensor  miniaturization,  light  sources  of  comparable  size  are  required.  Recent  research  has 
employed  quantum  cascade  lasers  (QCLs)  in  combination  with  MEMS-scale  photoacoustic  cell  designs.  The  continuous  tuning  capability 
of  QCLs  over  a  broad  wavelength  range  in  the  mid-infrared  spectral  region  greatly  expands  the  number  of  compounds  that  can  be  identified. 
Results  have  demonstrated  that  utilizing  a  tunable  QCL  with  a  MEMS-scale  photoacoustic  cell  produces  favorable  detection  limits  (ppb 
levels)  for  chemical  targets  (e.g.,  dimethyl  methyl  phosphonate  (DMMP),  vinyl  acetate,  1,4-dioxane).  Although  our  chemical  sensing 
research  has  benefitted  from  the  broad  tuning  capabilities  of  QCLs,  the  limitations  of  these  sources  must  be  considered.  Current 
commercially  available  tunable  systems  are  still  expensive  and  obviously  geared  more  toward  laboratory  operation,  not  fielding.  Although 
the  laser  element  itself  is  quite  small,  the  packaging,  power  supply,  and  controller  remain  logistical  burdens.  Additionally,  operational 
features  such  as  continuous  wave  (CW)  modulation  and  laser  output  powers  while  maintaining  wide  tunability  are  not  yet  ideal  for  a  variety 
of  sensing  applications.  In  this  paper,  we  will  discuss  our  continuing  evaluation  of  QCL  technology  as  it  matures  in  relation  to  our  ultimate 
goal  of  a  universal  compact  chemical  sensor  platform. 
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ABSTRACT 

The  Army  is  investigating  several  speetroseopie  teehniques  (e.g.,  infrared  speetroseopy)  that  eould  allow  for  an  adaptable 
sensor  platform.  Traditionally,  ehemieal  sensing  platforms  have  been  hampered  by  the  opposing  eoneems  of  inereasing 
sensor  eapability  while  maintaining  a  minimal  paekage  size.  Current  sensors,  although  reasonably  sized,  are  geared  to 
more  elassieal  ehemieal  threats,  and  the  ability  to  expand  their  eapabilities  to  a  broader  range  of  emerging  threats  is 
uneertain.  Reeently,  photoaeoustie  speetroseopy,  employed  in  a  sensor  format,  has  shown  enormous  potential  to  address 
these  ever-ehanging  threats,  while  maintaining  a  eompaet  sensor  design. 

In  order  to  realize  the  advantage  of  photoaeoustie  sensor  miniaturization,  light  sourees  of  eomparable  size  are  required. 
Reeent  researeh  has  employed  quantum  easeade  lasers  (QCLs)  in  eombination  with  MEMS-seale  photoaeoustie  eell 
designs.  The  eontinuous  tuning  eapability  of  QCLs  over  a  broad  wavelength  range  in  the  mid-infrared  speetral  region 
greatly  expands  the  number  of  eompounds  that  ean  be  identified.  Results  have  demonstrated  that  utilizing  a  tunable  QCL 
with  a  MEMS-seale  photoaeoustie  eell  produees  favorable  deteetion  limits  (ppb  levels)  for  ehemieal  targets  (e.g.,  dimethyl 
methyl  phosphonate  (DMMP),  vinyl  aeetate,  1,4-dioxane).  Although  our  ehemieal  sensing  researeh  has  benefitted  from 
the  broad  tuning  eapabilities  of  QCLs,  the  limitations  of  these  sourees  must  be  eonsidered.  Current  eommereially  available 
tunable  systems  are  still  expensive  and  obviously  geared  more  toward  laboratory  operation,  not  fielding.  Although  the 
laser  element  itself  is  quite  small,  the  paekaging,  power  supply,  and  eontroller  remain  logistieal  burdens.  Additionally, 
operational  features  sueh  as  eontinuous  wave  (CW)  modulation  and  laser  output  powers  while  maintaining  wide  tunability 
are  not  yet  ideal  for  a  variety  of  sensing  applieations.  In  this  paper,  we  will  diseuss  our  eontinuing  evaluation  of  QCL 
teehnology  as  it  matures  in  relation  to  our  ultimate  goal  of  a  universal  eompaet  ehemieal  sensor  platform. 

Keywords:  Photoaeoustie  speetroseopy,  sensor,  quantum  easeade  laser,  MEMS 

1.  INTRODUCTION 

Monitoring  traee  gases  is  of  great  importanee  in  a  wide  range  of  applieations.  Researeh  and  development  in  hazardous 
materials  deteetion  teehnology  foeuses  on  inereasing  speed,  sensitivity,  and  seleetivity,  while  redueing  size  and  eost. 
Although  the  eurrent  state-of-the-art  vapor  deteetor  (Joint  Chemieal  Agent  Deteetor  (JCAD))  is  lightweight,  handheld,  and 
easily  attaehes  to  a  belt,  it  still  provides  added  bulk  to  a  soldier  on  foot  patrol.  Both  the  military  and  industry  have  expressed 
interest  in  the  development  of  more  sensitive,  easily  adaptable,  and  eompaet  traee  gas  analysis  equipment.  In  reeent  years, 
photoaeoustie  speetroseopy  (PAS)  has  emerged  as  an  attraetive  and  powerful  teehnique  well  suited  for  sensing 
applieations.  The  development  of  high-power  radiation  sourees  and  more  sophistieated  eleetronies,  ineluding  sensitive 
mierophones  and  digital  loek-in  amplifiers,  has  allowed  for  signifieant  advanees  in  PAS.  Furthermore,  photoaeoustie  (PA) 
deteetion  of  infrared  absorption  speetra  using  modem  tunable  lasers  offers  several  advantages,  ineluding  simultaneous 
deteetion  and  diserimination  of  numerous  moleeules  of  interest. 

Photothermal  speetroseopy  eneompasses  a  group  of  highly  sensitive  methods  that  ean  be  used  to  deteet  traee  levels  of 
gases  using  optieal  absorption  and  subsequent  thermal  perturbations  of  the  gases.  The  underlying  prineiple  that  eonneets 
these  various  speetroseopie  methods  is  the  measurement  of  physieal  ehanges  (i.e.,  temperature,  density,  or  pressure)  as  a 
result  ofphoto-indueed  ehange  in  the  thermal  state  of  the  sample.  Photothermal  methods  are  elassified  as  indireet  methods 
for  deteetion  of  traee  optieal  absorbanee  beeause  the  transmission  of  the  light  used  to  exeite  the  sample  is  not  measured 
direetly.  Examples  of  photothermal  teehniques  inelude  photothermal  interferometry  (PTI),  photothermal  lensing  (PTE), 
photothermal  defleetion  (PTD),  and  photoaeoustie  speetroseopy  (PAS).  In  eomparison  to  other  photothermal  teehniques. 
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which  measure  the  refractive  index  using  combinations  of  probe  sources  and  detectors,  PAS  measures  the  pressure  wave 
produced  by  sample  heating.  This  is  accomplished  using  modulated  or  pulsed  excitation  sources.'"’  The  pressure  waves 
detected  in  PAS  are  generated  directly  by  the  absorbed  fraction  of  the  modulated  or  pulsed  excitation  beam.  Therefore, 
the  signal  generated  from  a  PA  experiment  is  directly  proportional  to  the  absorbed  incident  power.  However,  depending 
on  the  excitation  source  (i.e.,  modulated  or  pulsed),  the  relationship  between  the  generated  acoustic  signal  and  the  absorbed 
power  at  a  given  wavelength  will  differ."'  Recent  research  suggests  that  PAS  is  a  particularly  sensitive  technique,  capable 
of  trace  gas  detection  at  parts-per-trillion  (ppt)  levels.^’  ^  Although  these  studies  demonstrate  the  sensitivity  capabilities  of 
photoacoustic  sensors,  the  total  system  size  represents  a  large  logistics  burden  in  terms  of  size,  cost,  and  power 
consumption.  To  date,  limited  research  has  been  done  to  demonstrate  the  feasibility  of  a  miniaturized  photoacoustic 
sensor.^”  Initial  examination  of  the  scaling  principles  associated  with  PAS  in  respect  to  microelectromechanical  systems 
(MEMS)  dimensions  indicated  that  photoacoustic  signals  would  remain  at  similar  sensitivities  or  even  surpass  those 
commonly  found  in  macro-scale  devices.*'” 

The  first  step  in  a  PA  experiment  is  the  introduction  of  light.  The  main  criterion  for  the  starting  point  of  PAS  is  that  the 
molecules  of  interest  need  to  be  excited  electronically,  vibrationally,  or  rotationally.  In  the  broadest  sense,  this  light  can 
be  at  many  different  wavelengths,  and  even  span  large  differences  in  imparted  energy  (e.g.,  ultraviolet  through  the 
infrared).  Light  sources  can  take  various  forms,  depending  on  the  application  at  hand.  There  are  two  main  categories  of 
light  sources  used  for  PAS:  broadband  sources  and  narrow  band  laser  sources.  Although  lamp-based  PAS  is  still  common, 
modem  PAS  research  has  been  mainly  carried  out  using  laser  sources.  Some  of  the  key  advantages  of  laser  sources  are 
their  large  spectral  brightness,  collimated  output,  ease  of  modulation,  and  narrow  spectral  linewidth.  Disadvantages 
include  expense  and  limited  tunability;  however,  these  are  not  a  generic  quality  of  every  laser  architecture. 

In  1994  the  introduction  of  the  quantum  cascade  laser  (QCL)  by  Bell  Labs'"*  changed  the  prospects  of  laser  photoacoustics 
and,  in  general,  infrared  spectroscopy.  Since  that  time,  continuing  and  aggressive  evolution  has  been  occurring.  There 
have  been  numerous  government  programs  ran  by  different  agencies  (e.g..  Defense  Advanced  Research  Projects  Agency) 
that  have  addressed  many  aspects  of  QCL  performance,  including  thermal  management,  overall  optical  efficiency,  beam 
handling,  and  other  advances  in  gain  media  production.  This  funding  has  provided  investment  to  various  researchers  and 
companies  to  increase  the  QCL’s  capability  and  availability  during  this  time  period.  The  QCL  has  matured  to  a  level  at 
which  numerous  companies  can  produce  gain  material  for  laser  systems  both  in  the  United  States  and  abroad.  Along  with 
this  production,  several  companies  have  produced  laser  systems  that  are  suitable  for  spectroscopic  purposes  (e.g..  Daylight 
Solutions,  Inc.  and  Pranalytica,  Inc.).  The  current  state  of  the  art  for  external-cavity  (EC)  grating-tunable  QCL  systems 
has  been  shown  by  Daylight  Solutions,  Inc.  (San  Diego,  California),  which  has  demonstrated  tuning  capability  of  a  QCL 
system  producing  upward  of  350  and  500  cm  '  tuning  spans  using  a  single  element  in  the  8-12  pm  and  3-5  pm  regions, 
respectively.  Spectroscopically,  these  sources  have  had  a  dramatic  impact  on  PA  research  due  to  their  wide  tuning  over 
pertinent  regions  in  the  infrared. 

Over  the  past  8  years,  we  have  evaluated  QCL  technology  in  the  implementation  of  these  sources  in  our  PA  gas  sensor 
platforms.  To  date,  we  have  demonstrated  that  widely  tunable  QCL  sources  can  achieve  full  spectroscopic  discrimination 
of  gas  analytes,  due  to  their  large  tuning  ranges.’^  Furthermore,  these  sources  operating  in  low-duty  cycles,  have 
demonstrated  that  PAS  based  on  lock-in  amplification  can  still  be  performed  and  indeed  shows  great  promise.  Here,  we 
review  our  PA  sensing  research  employing  a  variety  of  QCLs  as  excitation  sources  and  discuss  the  unique  capabilities  and 
challenges  we  have  encountered  with  this  technology. 

2,  EXPERIMENTAL 

Figure  1  depicts  a  block  diagram  of  the  basic  elements  required  for  a  photoacoustic  gas  sensor. 
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Figure  1.  Schematic  diagram  of  a  general  laser-based  photoacoustic  gas  sensor  system. 

2.1  Quantum  Cascade  Lasers 

Daylight  Solutions,  Inc.  We  evaluated  4  different  QCL  models  from  tliis  vendor.  A  broadly  tunable,  pulsed  EC-QCL 
(Daylight  Solutions,  model:  10080)  was  employed  as  an  excitation  source  for  the  sensing  system.  The  laser  was  powered 
by  an  external  controller  (Daylight  Solutions,  model:  TLC  1001).  Tlie  QCL  was  continuously  tunable  fr’om  1032  cnr^  to 
1070  cm  *  (9.69  pm-9.34  pm)  and  had  a  spectral  resolution  of  1  cm  *.  Tire  pulsed  source  operated  at  room  temperatme 
with  convective  coolmg.  Cmreiit  pulses  of  1650  niA  with  a  500  ns  duration  and  20.9  kHz  pulse  rate  corresponded  to  a 
1 .0%  duty  cycle  arrd  provided  arr  average  optical  power  of  1 .3  5  rrrW.  A  KBr  plmrocotrvex  lerrs  (ISP  Optics,  model:  crrstom) 
was  utilized  for  focrrsirrg  prtrposes. 

A  secorrd  broadly  tunable, /rn/sfr/  EC-QCL  (Daylight  Solutiorrs.  model:  11088)  was  enrployed  as  tire  excitation  source  for 
the  sensirrg  system.  The  laser  was  powered  by  arr  external  corrtroller  (Dayhght  Sohrtiorrs,  model:  TLC  1001).  Tire  QCL 
was  corrtirruously  timable  from  1015  cm  *  to  1240  cm  *  (9.85  pm-8.06  pm)  arrd  had  a  spectral  resohrtiorr  of  1  cm  *.  Tire 
pulsed  soirrce  operated  at  roorrr  temperature  with  convective  coolmg.  Current  pulses  of  1600  niA  with  a  500  rrs  druratiorr 
arrd  21.6  kHz  pulse  rate  corresponded  to  a  1.1  %  duty  cycle  and  provided  arr  average  optical  power  of  1.32  mW.  A  BaF2 
plarro-corrvex  lerrs  (ISP  Optics,  model:  BF-PX-12-25)  was  utilized  for  focusing  pirrposes. 

A  broadly  timable.  modulated  continuous  wave  (CW)  EC-QCL  (Dayhght  Solutions,  model:  21096)  was  employed  as  the 
excitation  source  for  the  serrsing  system.  Hie  laser  was  powered  by  an  external  controller  (Dayhght  Solutions,  model: 
TLC  1001).  The  QCL  was  continuously  timable  from  1032  cm  *  to  1070  cm  *  (9.69  pnr-9.34  pm)  and  had  a  spectral 
resolution  of  1  cm  *.  Hre  modulated  CW  source  requued  a  compact  driller  (Solid  State  Cooling  Systems,  model:  Oasis 
1 50)  for  operation  at  1 5  ®C.  An  injection  current  of  725  mA  provided  an  average  optical  power  of  1 1 .97  nrW.  A  frmction 
generator  (Stanford  Research  Systems,  model:  DS340)  was  coimected  to  the  laser  head  via  a  subminiature  version  A 
(SMA)  coimector  to  allow  for  external  current  modulation.  A  1 7.2  kHz  sine  wave  with  a  peak  amplitude  of  2.5  V  resulted 
m  65%  amplitude  modulation.  Beam  focusing  was  accomplished  using  a  CaF2  plano-convex  lens  (ISP  Optics,  model: 
custom). 

A  broadly  tmrable.  ultracompact  pulsed  EC-QCL  (Dayhglrt  Solutions,  model:  SpriteIR)*®  was  employed  as  the  excitation 
source  for  tire  sensing  system.  The  laser  was  powered  by  an  external  controller  (Dayhght  Solutions,  model:  custom). 
SpriteIR  is  a  prototype  laser  developed  during  an  Army  Small  Business  hmovation  Research  (SBER)  Phase  n  Development 
program.  Hre  compact  source  built  for  tlris  program  offers  perfomiance  m  a  small  package  (a  2  in.  cube)  tlrat  is  typically 
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achieved  with  larger,  bench-top  laboratory  lasers.  The  packaged  laser  prototype  contained  a  voice  coil  motor-based  tuning 
mechanism  that  allowed  both  sweeping  and  stepping  motions  for  rapid  wavelength  tunability.  The  SpriteIR  was  tunable 
from  1000  cm  '  to  1205  cm  *  (10.0  pm-8.30  pm)  and  had  a  spectral  resolution  of  1  cm  *.  The  prototype  source  was 
mounted  on  a  cooling  tower  (Daylight  Solutions,  model:  custom)  and  required  a  compact  chiller  (Solid  State  Cooling 
Systems,  model:  Oasis  150)  for  operation  at  17  “C.  Current  pulses  of  500  mA  with  a  500  ns  duration  and  20.0  kHz  pulse 
rate  corresponded  to  a  5%  duty  cycle  and  provided  an  average  optical  power  of  1 .08  mW.  A  BaF2  plano-convex  lens  (ISP 
Optics  BF-PX-12-25)  was  utilized  for  focusing  purposes. 

Pmnalytica,  Inc.  We  evaluated  one  QCL  model  from  this  vendor.  A  broadly  tunable,  quasi-continuous  wave  (QCW) 
(i.e.,  high  duty  cycle  pulsed  operation,  typically  ~50%)  EC-QCL  (Pranalytica,  model:  MonoLux-80-CW)  was  employed 
as  the  excitation  source  for  the  sensing  system.  The  laser  was  fully  self-contained  and  required  only  standard  AC  power 
and  external  computer  control  to  operate.  The  QCL  was  continuously  tunable  from  1145  cm  *  to  1434  cm  *  (8.733  pm- 
6.974  pm)  and  had  a  spectral  resolution  of  0.2  cm  *.  The  QCW  source  operated  with  a  compact  chiller  (Solid  State  Cooling 
Systems,  model:  Oasis  150)  for  operation  at  17  “C.  The  laser  output  could  be  modulated  by  an  externally  supplied 
transistor-transistor  logic  (TTL)  signal.  The  modulation  was  imposed  on  the  internal  high  frequency  (1  MHz)  drive  signal. 
A  function  generator  (Stanford  Research  Systems,  model:  DS340)  was  connected  to  the  laser  head  via  a  Bayonet  Neill- 
Concelman  (BNC)  connector  to  allow  for  external  modulation.  A  5.0  V,  21.5  kHz  TTL  signal  resulted  in  50%  modulation 
of  the  high  repetition  frequency  pulse  and  provided  an  average  optical  power  of  39  mW.  The  laser  system  was  equipped 
with  a  red  guide  laser  for  ease  of  alignment. 

In  all  cases,  the  transmitted  laser  power  was  measured  with  a  power  meter  (Ophir  Optronics  Nova  II)  equipped  with  a 
thermal  head  (Ophir  Optronics  3A).  These  measurements  allowed  for  normalization  of  the  photoacoustic  signal  for  any 
residual  drift  associated  with  the  excitation  source. 

2.2  MEMS-Scale  Photoacoustic  Cells 

MEMS-scale  differential  photoacoustic  cells  were  fabricated  to  meet  our  design  specifications*^  by  Infotonics  Technology 
Center,  Inc.  The  differential  technique  employs  two  resonator  tubes,  both  housing  a  microphone  (Knowles  FG-23629), 
but  with  radiation  directed  through  only  through  one  to  generate  a  photoacoustic  signal.  The  microphones  possessed 
similar  responsivities,  which  allowed  for  subtraction  of  the  reference  microphone  signal  from  the  photoacoustic 
microphone  signal.  This  allowed  for  the  removal  of  noise  elements  that  were  present  in  both  resonant  chambers,  such  as 
external  vibrations. 

The  influence  of  cell  geometry  on  the  photoacoustic  signal  has  been  discussed  elsewhere.^’  **’  *^  Briefly,  cell  design  #1 
(Figure  2(A)  and  (B))  consisted  of  two  8.5  mm  long  open  resonators  having  square  cross  sections,  each  with  a  diameter  of 
0.93  mm.  Cell  design  #2  (Figure  2(C)  and  (D))  consisted  of  two  10  mm  long  open  resonators  having  square  cross  sections, 
each  with  a  diameter  of  0.864  mm.  In  both  cell  designs,  the  resonators  were  flanked  on  both  sides  by  a  buffer  volume 
(acoustic  filter),  which  provided  noise  suppression.  The  resonator  length  was  twice  that  of  the  buffer  volume  and  the 
diameter  of  the  buffer  volume  was  at  least  three  times  that  of  the  resonator.  To  further  suppress  gas  flow  noise,  the  buffer 
volumes  were  each  connected  by  a  tube  to  gas  input  and  output  acoustic  filters  (Figure  2(A)  and  (C)). 
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Figure  2.  (A)  Photograph  of  the  interaal  structure  of  the  MEMS-scale  photoacoustic  cell  design  #1.  (B)  Photograph  of  the  MEMS- 
scale  photoacoustic  cell  design  #1  used  when  collecting  data.  (C)  Photograph  of  the  internal  structiu'e  of  the  MEMS-scale 
photoacoustic  cell  design  #1.  (D)  Photograph  of  the  MEMS-scale  photoacoustic  cell  design  #2  used  when  collecting  data. 

Both  photoacoustic  cell  designs  had  tw'o  gemianium  wmdows  (Edniuiid  Optics  NT47-685),  which  were  attached  to  the 
buffer  volumes  on  either  side  of  the  photoacoustic  resonator  with  epoxy.  On  design  #2,  small  aluminum  squares  were 
attached  to  the  buffer  volumes  on  either  side  of  the  reference  resonator  with  epoxy.  Tygon®  tubmg  was  comiected  to  the 
buffer  vohmies  to  allow'  for  gas  sample  inlet  and  outlet  flow'.  The  MEMS-scale  photoacoustic  cell  w'as  momited  on  a 
printed  circuit  board,  which  allow'ed  for  w  iring  the  microphones  to  a  power  supply  (AA  battery)  and  a  lock-in  amplifier 
(via  modified  BNC  cables).  Figure  2(B)  and  (D)  are  photograplis  of  the  complete  MEMS-scale  photoacoustic  cell  package 
designs  #1  and  #2.  respectively. 

2.3  Sample  Generation 

Tire  trace  gases  w'ere  generated  using  calibration  gas  generators  (Owistorre  Narrotech  OVG-4  arrd  VICI  Metrorrics 
Dynacalibrator  190).  Nitrogen  w'as  used  as  the  carrier  gas.  Tire  gas  som'ces  w'ere  gravimetrically  certified  permeatiorr 
tubes  (KIN-TEK  Laboratories.  Inc.  model;  HRT-010.00-3026/40  (acetorre);  HRT-007. 00-3047/40  (\inylacetate).  HRT- 
002.00-3045/100  (1,4-dioxane);  VICI  Metrorrics.  model:  Dynacal  107-150-7845-C100  (dimethyl  methyl  phosphonate 
(DMMP)),  length:  15  cm).  The  acetone  and  vinyl  acetate  tubes  were  placed  hr  a  calibration  oven  held  at  a  constant 
temperature  of  40  °C.  Tire  permeatiorr  rates  at  this  temperatirre  for  acetone  arrd  vmyl  acetate  w'ere  1.1 14  rrg/rnin  arrd  1.986 
trg/min.  respectively.  Tire  1,4-dioxarre  tirbe  w'as  placed  in  a  cahbration  overt  held  at  a  constarrt  temperature  of  100  °C.  Tire 
pemreation  rate  at  tliis  temperature  was  1,715  ng/mur.  Tire  DMMP  tirbe  was  placed  hr  a  calibration  oven  held  at  a  constant 
terrrperatrrre  of  100  °C.  Tire  penneatiorr  rate  at  this  tenrperatirre  was  1.180  ng/nrhr.  Varymg  calibrated  flow'  rates  of  the 
rritrogerr  carrier  gas  from  50  nrL/mur  to  1000  triL/nrhr  governed  tire  correentratiorr  of  the  arralytes  of  interest.  Tire 
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concentration  range  for  each  analyte  is  limited  by  the  permeation  tube  and  the  permissible  flow  rates  of  the  calibration  gas 
generators.  Poly  (tetrafluoroethylene)  (PTFE)  tubing  was  used  to  connect  the  gas  generator  to  the  sample  inlet  of  the 
photoacoustic  cell.  A  flow  controller  and  a  relief  valve  were  placed  in  line  between  the  gas  generator  and  the  photoacoustic 
cell  to  ensure  a  constant  flow  rate  of  60  mL/min  through  the  cell.  This  was  done  to  reduce  flow  noise. 

2.4  Data  Acquisition 

The  signals  detected  by  both  the  photoacoustic  and  reference  microphones  were  extracted  using  the  differential  voltage 
input  on  a  lock-in  amplifier  (Stanford  Research  Systems  SR530)  with  a  time  constant  of  3  s  operating  at  the  pulse  frequency 
of  the  laser  or  the  external  modulation  frequency  of  the  function  generator.  Lab  VIEW  (National  Instruments,  version 
2012)  was  used  to  create  a  virtual  instrument  (VI)  to  read  and  record  the  voltage  outputs  from  the  lock-in  amplifier  under 
various  conditions  directly  to  a  personal  computer  (PC).  The  VI  was  programmed  to  collect  the  X  (in-phase),  Y 
(quadrature),  R  (amplitude)  and  0  (phase  angle)  components  of  the  photoacoustic  signal.  Photoacoustic  spectra  were 
obtained  by  holding  the  laser  pulse  frequency  constant  while  scanning  the  laser  wavelength  range.  This  allowed  for  the 
determination  of  the  wavelength  having  the  maximum  analyte  absorbance  in  this  region.  200  measurements  were  made 
at  each  increment,  and  a  mean  value  was  calculated  and  recorded  for  the  subsequent  construction  of  a  photoacoustic 
spectrum.  To  estimate  the  limit  of  detection  (LOD),  the  laser  pulse  frequency  or  external  modulation  frequency  and 
wavelength  having  the  maximum  photoacoustic  absorbance  signal  were  held  constant  and  the  gas  generator  flow  rate  was 
ramped,  which  produced  decreasing  sample  concentrations.  Mean  values  and  standard  deviations  of  200  points  at  a  given 
concentration  were  calculated.  The  background  signal,  attributed  to  the  absorbance  of  laser  radiation  by  the  cell  windows 
and  walls,  was  also  measured.  This  background  signal  was  subtracted  from  the  mean  photoacoustic  signal  measured  at 
each  concentration.  These  values  were  used  to  prepare  a  linear  regression  with  which  the  LOD  could  be  calculated  by 
taking  three  times  the  standard  deviation  (3o)  of  the  background  and  dividing  it  by  the  slope  of  the  linear  function. 

2.5  Instrumentation 

All  Fourier  transform  infrared  (FTIR)  absorbance  spectra  were  collected  using  a  Thermo  Scientific  Nicolet  6700  FTIR 
spectrometer  equipped  with  a  potassium  bromide  (KBr)  beamsplitter  and  a  mercury  cadmium  telluride  (MCT)-A  (narrow 
band  -  650  cm  '  cutoff)  detector.  Each  spectrum  was  acquired  at  a  resolution  of  1.0  cm  *  averaging  100  scans. 

3.  RESULTS 

Laser  photoacoustic  spectra  and  limits  of  detection  (LOD)  of  various  analytes  of  interest  (e.g.,  DMMP,  1,4-dioxane,  and 
vinyl  acetate)  were  determined  for  the  MEMS-scale  photoacoustic  sensor  platforms  employing  a  variety  of  QCLs  as 
excitation  sources.  The  analytes  were  chosen  based  on  known  absorption  features  within  the  wavelength  tuning  ranges  of 
each  evaluated  laser.  The  majority  of  these  results  have  been  discussed  previously^""^^;  however,  it  is  important  to  highlight 
them  again  for  the  purpose  of  this  paper. 

3.1  Daylight  Solutions  Pulsed  EC-QCL  (model  10080) 

A  laser  photoacoustic  spectrum  was  collected  for  DMMP  using  photoacoustic  cell  design  #2.  The  spectrum  was  collected 
as  the  laser  was  continuously  tuned  from  990  cm  *  to  1075  cm  *  (10.10  pm-9.30  pm),  in  1  cm  *  increments.  This  analyte 
has  known  absorption  features  in  this  region,  assigned  to  phosphorus — oxygen — carbon  stretching  vibrations.^^  There  is 
very  good  agreement  between  the  photoacoustic  and  FTIR  spectra  (see  Figure  3(A)).  Figure  3(B)  illustrates  the  sensor 
response  as  a  function  of  DMMP  concentration.  The  3o  limit  of  detection  was  determined  to  be  54  ppb  for  DMMP.  The 
results  exhibit  excellent  linearity  with  a  correlation  coefficient  (R^)  of  0.9996.  As  a  measure  of  the  effectiveness  of  this 
sensing  platform,  we  considered  the  recommendations  for  protecting  human  health  from  potential  adverse  effects  of 
exposure  to  relevant  nerve  agents.^'*  For  a  30  min  exposure,  the  lethal  concentration  is  approximately  575  ppb,  with  the 
first  noticeable  health  effects  occurring  at  5.8  ppb.  While  we  have  not  achieved  the  necessary  detection  limits  employing 
this  laser  in  our  PA  sensor  platform,  we  are  confident  that  sensor  optimization,  including  an  excitation  source  with  higher 
output  power,  will  yield  the  desired  results. 
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Figure  3.  Daylight  Solutions  pulsed  EC-QCL  (model  10080)  results.  (A)  Measured  laser  photoacoustic  spectrum  of  DMMP 
compared  to  FTIR  reference  spectrum.  (B)  Photoacoustic  sensor  response  as  a  function  of  DMMP  concentration.  Error  bars  represent 

one  standard  deviation.  A  linear  function  has  been  fit  to  the  data. 

3.2  Daylight  Solutions  Pulsed  EC-QCL  (model  11088) 

Laser  photoacoustic  spectra  were  collected  for  1,4-dioxatie  and  vinyl  acetate  using  photoacoustic  cell  design  #1.  The 
spectra  were  collected  as  the  laser  was  continuously  tuned  from  1,100  cm  '  to  1,240  cm  '  (9.09  |im-8.06  pm),  in  1  cm  ' 
increments.  These  analytes  have  known  absorption  features  in  this  region,  assigned  to  carbon — carbon  and 
carbon — oxygen  stretching  vibrations.^’ For  1,4-dioxane  and  vinyl  acetate,  there  is  excellent  agreement  between  the 
photoacoustic  and  FTIR  spectra  (see  Figure  4(A)  and  (B),  respectively).  Figure  4(C)  illustrates  the  sensor  response  as  a 
function  of  1,4-dioxane  concentration.  The  3o  limit  of  detection  was  determined  to  be  180  ppb  for  1,4-doixane.  The 
results  exhibit  excellent  linearity  with  a  correlation  coefficient  (R^)  of  0.9945.  Figure  4(D)  illustrates  the  sensor  response 
as  a  function  of  vinyl  acetate  concentration.  The  3o  limit  of  detection  was  determined  to  be  224  ppb  for  vinyl  acetate. 
The  results  exhibit  excellent  linearity  with  a  correlation  coefficient  (R^)  of  0.9986.  As  a  measure  of  the  effectiveness  of 
this  sensing  platform,  we  considered  the  National  Institute  for  Occupational  Safety  and  Health  (NIOSH)  recommended 
airborne  exposure  limits  for  1,4-dioxane^^  and  vinyl  acetate^^.  Employing  this  laser  in  our  PA  sensor  system,  we  have 
achieved  detection  limits  well  below  the  suggested  value  of  1  ppm  (Threshold  Limit  Value,  20  min  exposure)  for  1,4- 
dioxane  and  4  ppm  (Threshold  Limit  Value,  15  min  exposure)  for  vinyl  acetate. 
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Figure  4.  Daylight  Solutions  pulsed  EC-QCL  (model  11088)  results.  (A)  Measured  laser  photoacoustic  spectrum  of  1,4-dioxane 
compared  to  FTIR  reference  spectrum.  (B)  Measured  laser  photoacoustic  spectrum  of  vinyl  acetate  compared  to  FTIR  reference 
spectrum.  (C)  Photoacoustic  sensor  response  as  a  function  of  1 ,4-dioxane  concentration.  Error  bars  represent  one  standard  deviation. 
A  linear  function  has  been  fit  to  the  data.  (D)  Photoacoustic  sensor  response  as  a  function  of  vinyl  acetate  concentration.  Error  bars 
represent  one  standard  deviation.  A  linear  function  has  been  fit  to  the  data. 


3.3  Daylight  Solutions  Modulated  CW  EC-QCL  (model  21096) 

A  laser  photoacoustic  spectrum  was  collected  for  DMMP  using  photoacoustic  cell  design  #2.  The  spectrum  was  collected 
as  the  laser  was  continuously  tuned  from  1,005  cm  '  to  1070  cm  '  (9.95  p,m-9.34  pm).  Due  to  the  mode  hopping^*,  nature 
of  this  source,  continuous  wavelength  tunability  over  the  entire  tuning  range  required  simultaneous  control  of  the  laser 
current  and  wavelength.  While  necessary  for  source  stabilization,  this  process  resulted  in  longer  data  acquisition  times. 
However,  high  resolution  may  not  be  necessary  to  accurately  record  spectral  detail  of  analytes  having  broad  absorption 
features,  such  as  DMMP.  Therefore,  a  reduction  in  the  number  of  measured  wavelengths  will  maintain  the  structure  of 
the  DMMP  absorption  spectrum  and  decrease  measurement  times.  We  chose  to  investigate  102  wavelengths  in  the  range 
of  1,032  cm  '  to  1,070  cm  '  (9.69  pm-9.34  pm).  An  important  feature  of  this  range  is  that  the  measurements  were 
performed  without  any  change  in  the  laser  current.  Although  mode  hopping  still  occurs  in  this  wavelength  region,  there 
is  agreement  between  the  laser  photoacoustic  data  and  the  FTIR  spectra  (see  Figure  5(A)).  Figure  5(B)  illustrates  the 
sensor  response  as  a  function  of  DMMP  concentration.  The  3cr  limit  of  detection  was  determined  to  be  20  ppb  for  DMMP. 
The  results  exhibit  excellent  linearity  with  a  correlation  coefficient  (R^)  of  0.9996.  As  a  measure  of  the  effectiveness  of 
this  sensing  platform,  we  again  considered  the  recommendations  for  protecting  human  health  from  potential  adverse  effects 
of  exposure  to  relevant  nerve  agents  (see  above  discussion  for  Daylight  Solutions,  Inc.  model  10080). 
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Figure  5.  Dayliglit  Solutions  modulated  CW  EC-QCL  (model  21096)  results.  (A)  Measured  laser  photoacoustic  spectrum  of  DMMP 
compared  to  FUR  reference  spectrum.  (B)  Photoacoustic  sensor  response  as  a  function  of  DMMP  concentration.  Error  bars  represent 

one  standard  deviation.  A  linear  function  has  been  fit  to  the  data. 


3.4  Daylight  Solutions  Ultracompact  Pulsed  EC-QCL  (model  SpiitelR) 

A  laser  photoacoustic  spectrum  was  collected  for  1,4-dioxane  using  photoacoustic  cell  design  #1.  Tlie  spectrum  was 
collected  as  tlie  laser  was  timed  from  1,100  cm  '  to  1,170  cm  '  (9.09  pm-8.55  pm),  in  1  cm  '  increments.  There  is  excellent 
agreement  between  the  photoacoustic  spectium  collected  using  the  SpriteIR  laser  and  the  FTIR  spectrum  (see  Figure  6(A)). 
A  photoacoustic  spectium  of  1,4-dioxane  collected  using  a  commei'cially  available  EC-QCL  is  also  provided  in  Fig.  6(A) 
for  comparison.'*  Figm'e  6(B)  iUustrates  the  sensor  response  as  a  function  of  1,4-dioxane  concenfration.  The  3ff  limit  of 
detection  was  detennined  to  be  133  ppb  for  1,4-dioxane.  The  results  exliibit  excellent  linearity  with  a  correlation 
coefficient  (R^  of  0.9960.  As  a  measure  of  the  effectiveness  of  this  sensing  platform,  we  considered  the  NIOSH 
recommended  aiibome  exposure  limit  for  1,4-dioxane.  Employing  tliis  laser  in  our  PA  sensor  system,  we  have  acliieved 
a  detection  limit  well  below  tlie  suggested  value  of  1  ppm  (Tlu'eshold  Limit  Value,  20  min  exposiue). 


Figiue  6.  Daylight  Solutions  ulb'acompact  pulsed  EC-QCL  (model  SpriteIR)  results.  (A)  Measured  laser  photoacoustic  spectium  of 
1.4-dioxane  compared  to  FTER  reference  spectrum  and  commercially  available  EC-QCL  photoacoustic  spectium.  (B)  Photoacoustic 
sensor  response  as  a  function  of  1.4-dioxane  concentration.  En'or  bars  represent  one  standard  deviation.  A  linear  function  has  been  fit 

to  the  data. 

3.5  Pranaljtica  QCW  EC-QCL  (model  MonoLux-SO-CW) 

A  laser  photoacoustic  spectnmi  was  collected  for  vinyl  acetate.  The  spectnuu  was  collected  as  the  laser  was  fr  om  timed 
from  1,176  cm  ' to  1,265  cm  '  (8.50  |mi-7.90  pm),  in  1  cm' increments.  There  is  good  agreement  betw^een  tlie  photoacoustic 
and  FTIR  spectra  (see  Figure  7(A));  however,  tlie  photoacoustic  spectnmi  is  slightly  sliifted.  This  is  an  interesting  result 
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and  will  be  investigated  fiirther  as  we  continue  to  employ  this  laser  in  our  photoacoustic  sensor  platform.  Figure  7(B) 
illustrates  the  sensor  response  as  a  function  of  vinyl  acetate  concentr  ation.  The  3o  limit  of  detection  was  determined  to  be 
20  ppb  for  vinyl  acetate.  Tlie  results  exliibit  excellent  linearity  w  ith  a  conelation  coefficient  (R^  of  0.9986.  As  a  measure 
of  the  effectiveness  of  tliis  sensing  platform,  w'e  considered  the  NIOSH  recommended  aii'borae  exposiue  limits  for  vinyl 
acetate.  Employing  this  laser  in  our  PA  sensor  system,  w'e  have  acliieved  detection  limits  well  below'  tlie  suggested  value 
of  4  ppm  (Threshold  Limit  Value.  15  min  exposure)  for  vinyl  acetate. 


wavenumber  {cm-' )  Concentration  (ppm) 

Figure  7.  Pranalytica  QCW  EC-QCL  (model  Monolux-80-CW)  results  w'ith  cooling  at  17°C.  (A)  Measured  laser  photoacoustic 
spectrum  of  vinyl  acetate  compared  to  FTTR  reference  spectrum.  (B)  Photoacoustic  sensor  response  as  a  fimction  of  vinyl  acetate 
concentration.  Error  bars  lepresent  one  standard  deviation.  A  linear  fimction  has  been  fit  to  the  data. 


4.  DISCUSSION 

As  demonstrated  by  the  results  siumnarized  above  and  pubhshed  previously,  our  chemical  sensing  research  has  benefitted 
from  the  broad  tuning  capabihties  of  QCLs.  However,  each  laser  system  we  have  employed  in  a  PA  sensing  platform  has 
exliibited  limitations.  Althougli  the  laser  element  itself  is  quite  small  (typically  3  nmi  to  6  nmi)  in  each  of  the  systems 
discussed  here,  the  packaging,  power  supply,  and  controller  remain  logistical  burdens.  Tlie  evaluated  laser  systems  are 
shown  in  Figure  8.  Tliis  figme  provides  a  side-by-side  comparison  of  the  systems  in  teims  of  overall  size  and  components. 
Tlie  Dayliglit  Solutions  pulsed/'niodulated  CW  EC-QCL  system  (models  10080,  11088,  and  21096)  is  by  far  the  largest 
package,  and  the  modulated  CW  system  necessitates  a  duller,  w'liich  adds  additional  bulk.  Tlie  Pranalytica  MonoLux  laser 
system  is  attractive  in  tliat  it  does  not  have  a  separate  controller;  how'ever,  depending  on  the  mode  of  operation,  tliis  system 
also  requires  a  chiller.  Tlie  Daylight  Solutions  SpriteIR  is  one  tentli  the  size  of  commercially  available  Daylight  Solutions 
QCL  systems;  however  a  cooling  tow'er  and  chiller  are  required.  Given  tliat  photoacoustic  sensor  niiniatiuization  requires 
liglit  soiu'ces  of  comparable  size,  the  Daylight  Solutions  SpriteIR  is  a  successful  demonstration  of  tlie  ability  to  package  a 
QCL  on  a  smaller  scale. 
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Figure  8.  Photograph  showing  a  size-by-size  comparison  of  the  various  evaluated  laser  systems.  (A)  Daylight  Solutions  ultracompact 
SpriteIR  pulsed  EC-QCL  system  (laser  and  controller);  (B)  Daylight  Solutions  pulsed/modulated  CW  EC-QCL  system  (laser  and 

controller);  (C)  Pranalytica  QCW  EC-QCL  system  (complete). 

As  stated  earlier,  the  signal  generated  from  a  photoacoustic  experiment  is  directly  proportional  to  the  absorbed  incident 
power.  This  power  is  dependent  on  the  wavelength  and  output  format  of  the  excitation  source,  which  is  normally  restricted 
to  CW  or  low-duty  cycle  pulsed  operation.  This  restriction  is  directly  associated  with  the  inefficiency  of  the  laser  source 
(<10%)  and  its  thermal  effect  on  the  feedback  mechanisms.  The  localized  heating  of  the  element  will  change  output 
wavelength  and  “pull”  the  laser  to  mode-hop  unless  it  is  pulsed  short  enough  to  avoid  large  heating  or  operated  in  a 
continuous  fashion,  which  establishes  thermal  equilibrium.  In  general,  both  pulsed  and  CW  Daylight  Solutions  QCLs 
specify  (wavelength  dependent)  >100  mW  power  (CW)/peak  power  (pulsed)  and  >5  mW  average  power  (pulsed).  For  the 
pulsed  sources  evaluated  in  our  laboratory  (Daylight  Solutions  models  10080,  11088  and  SpriteIR),  the  duty  cycles  were 
as  low  as  1%  and  no  higher  than  5%.  These  values  were  dictated  by  the  pulse  frequency,  which  in  our  PA  experiments 
was  slow  compared  to  the  manufacturer’s  optimized  specifications  (100  kHz).  This  factor  greatly  reduced  the  average 
power  available  for  our  PA  sensing  experiments.  A  higher  average  optical  power  was  achieved  using  the  Daylight 
Solutions  modulated  CW  source  (model  21096);  however,  amplitude  modulation  was  not  optimal  and  we  were  limited  to 
specific  current  settings  due  to  the  mode-hopping  nature  of  the  source.  These  factors  reduced  our  ability  to  attain  a  higher 
average  power  with  this  QCL  model.  In  all  cases,  there  was  no  discemable  power  drift  from  the  Daylight  Solutions  QCLs. 
The  specifications  (wavelength  dependent)  for  the  Pranalytica  QCW  laser  are  >100  mW  average  power  and  >400  mW 
peak  power,  which  resulted  in  significantly  more  average  optical  power  for  our  PA  sensing  experiments  compared  to  the 
Daylight  Solutions  QCLs.  However,  when  operated  at  room  temperature  with  passive  cooling,  the  power  was  not  stable 
and  decreased  with  time  (15%  drift  over  2  h).  When  the  QCL  was  cooled  to  17°C  (chiller  limited),  the  power  could  be 
better  stabilized  (3%  drift  over  3  h).  Although  Pranalytica  only  specifies  the  use  of  a  chiller  for  CW  operation  at  14°C, 
cooling  of  the  laser  to  some  degree  in  QCW  mode  resulted  in  power  stabilization.  Although  the  modulated  CW/QCW 
sources  provided  increased  output  power  compared  to  that  obtained  using  pulsed  sources,  consideration  of  heat 
management  may  favor  the  use  of  a  pulsed  QCL  for  future  sensor  development. 

Due  to  the  variety  of  wavelength  tuning  ranges  for  the  evaluated  QCLs,  we  are  not  able  to  make  a  LOD  comparison  for  a 
single  analyte;  however,  we  have  been  able  to  make  sensitivity  comparisons  between  different  Daylight  Solutions  laser 
models  as  well  as  between  Daylight  Solutions  and  Pranalytica  sources  employed  in  our  PA  sensor  platform.  For  the 
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detection  of  DMMP,  both  the  Daylight  Solutions  modulated  CW  QCL  and  a  Daylight  Solutions  pulsed  QCL  were 
evaluated.  The  average  optical  power  of  the  modulated  CW  QCL  was  significantly  greater  than  the  pulsed  model. 
Therefore,  it  was  expected  that  the  PA  sensor  employing  the  modulated  source  would  produce  improved  DMMP  detection 
limits  compared  to  the  pulsed  laser.  For  the  detection  of  1,4-dioxane,  both  a  Daylight  Solutions  pulsed  QCL  model  and 
the  Daylight  Solutions  ultracompact  pulsed  QCL  (SpriteIR)  were  evaluated.  An  improved  LOD  was  achieved  using  the 
SpriteIR  laser.  Although  the  average  power  output  of  the  SpriteIR  laser  was  less  than  that  of  the  commercial  pulsed  source, 
less  noise  or  background  signal  was  observed  using  the  SpriteIR  laser,  which  allowed  for  an  improved  detection  limit. 
Finally,  for  the  detection  of  vinyl  acetate,  both  a  Daylight  Solutions  pulsed  QCL  model  and  the  Pranalytica  QCW  laser 
were  evaluated.  Based  on  the  optical  power,  it  was  expected  that  the  PA  sensor  employing  the  Pranalytica  QCW  source 
would  produce  improved  detection  limits  for  vinyl  acetate  compared  to  the  Daylight  Solutions  QCL.  Although  the  average 
power  output  of  the  Pranalytica  laser  was  much  higher  than  that  of  the  Daylight  Solutions  pulsed  QCL,  higher  noise  or 
background  signal  was  observed  using  the  Pranalytica  source.  Further  PA  experiments  are  needed  employing  this  source 
to  fully  understand  the  capabilities.  Additionally,  in  order  to  achieve  a  better  comparison  between  the  Pranalytica  and 
Daylight  Solutions  QCLs,  operation  of  the  Pranalytica  source  in  pulsed  mode  is  needed.  Compared  to  the  pulsed  sources, 
the  modulated  CW/QCW  sources  provided  increased  output  power  and  therefore,  allowed  for  better  PA  sensor  figures  of 
merit;  however,  the  results  were  not  as  improved  as  we  had  expected.  Further  investigations  are  needed  to  determine  the 
ideal  operating  mode  of  these  sources  when  they  are  employed  in  a  PA  sensor  platform.  Perhaps  a  pulsed  QCL  with 
increased  optical  output  power  at  the  appropriate  pulse  repetition  frequency  will  result  in  detection  limits  comparable  to 
or  better  than  those  realized  with  the  modulated  CW/QCW  QCLs. 

QCL  system  size  and  power  output  are  key  factors  in  the  continued  development  of  a  miniaturized  photoacoustic  chemical 
sensing  platform;  however,  we  have  also  considered  the  ease  of  use  of  each  of  the  sources  we  have  evaluated.  All  of  the 
laser  systems  were  easy  to  set  up.  The  Daylight  Solutions  modulated  CW  and  pulsed  models  (10080  and  11088)  were 
easily  controlled  using  the  laser  controller.  Settings  including  wavelength,  pulse  frequency,  pulse  width,  current,  and 
temperature  were  all  able  to  be  modified  by  the  user  with  the  controller  interface.  The  user  was  also  provided  the 
appropriate  programming  language  to  control  the  laser  settings  with  a  computer  running  instrument  control  software  (i.e.. 
Lab  VIEW),  allowing  for  all  data  collection  to  be  automated.  The  Daylight  Solutions  ultracompact  SpriteIR  laser  and  the 
Pranalytica  QCW  laser  both  included  software  for  computer  control.  The  software  allowed  the  user  to  control  basic 
functions,  including  turning  the  laser  emission  on,  changing  the  wavelength  setting,  and,  in  the  case  of  the  SprtieIR, 
controlling  the  pulse  frequency;  however,  these  laser  control  software  programs  were  not  easily  modified  by  the  user  and 
data  collection  could  become  tedious. 


5.  CONCLUSION 

We  have  successfully  demonstrated  the  use  of  a  MEMS-scale  photoacoustic  sensing  platform  for  trace  vapor  detection. 
We  have  evaluated  a  variety  of  QCLs  in  this  platform  allowing  for  detection  limits  in  the  ppb  range.  We  believe  that  this 
sensor  platform  is  an  important  step  toward  the  development  of  a  man-portable  prototype.  The  availability  of  continuously 
tunable  QCLs  having  a  broad  wavelength  tuning  range  makes  this  an  attractive  approach  for  a  variety  of  applications. 
Employing  multiple  continuously  tunable  QCLs  having  different  center  wavelengths  in  a  PA  sensor  would  provide  a  broad 
wavelength  tuning  range,  allowing  for  increased  molecular  discrimination  and  simultaneous  detection  of  several  molecules 
of  interest;  however,  power  consumption  and  thermal  stability  must  be  considered.  Although  each  QCL  we  have  evaluated 
to  date  offers  certain  attractive  features,  we  have  yet  to  encounter  a  single  laser  system  that  fulfills  all  of  the  desired 
capabilities  (i.e.,  low  cost,  small  system  package,  high  average  power  (>5  mW),  broad  tuning  range)  for  the  continued 
development  of  our  miniaturized  chemical  sensor  platform. 
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